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In the operation of a centrifugal compressor of turbocharger, instability phenomena such as rotating stall and 


surge are induced at a lower flow rate close to the maximum pressure ratio. In this study, the compressed air at the 


exit of centrifugal compressor was re-circulated and injected to the impeller inlet by using two injection nozzles 


in order to suppress the surge phenomenon. The most effective circumferential position was examined to reduce 


the flow rate at the surge inception. Moreover, the influences of the injection on the fluctuating property of the 


flow field before and after the surge inception were investigated by examining the frequency of static pressure 


fluctuation on the wall surface and visualizing the compressor wall surface by oil-film visualization technique. 
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Introduction 


As a part of the technology dealing with environmen- 
tal problems, a turbocharger is expected to clean the ex- 
haust gas from automobile engines by improving com- 
bustion efficiency, and to contribute to the reduction of 
fuel consumption. Therefore, the application of a turbo- 
charger to various types of vehicle is developing rapidly. 
Moreover, it is expected that turbochargers will be more 
employed for gasoline engines in addition to diesel en- 
gines. The demand for turbochargers for small gasoline 
engines is increasing to meet demand from ener- 
gy-conscious customers wanting to cope with tight fuel 
regulations. And now, the centrifugal compressor, which 
is a main component of turbocharger, possesses higher 
pressure ratio in a single stage. But, the performance of 
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compressors at lower flow rate is characterized by the 
occurrence of unsteady flow phenomena such as surge 
and rotating stall. Both instabilities cause critical operat- 
ing conditions with strong dynamical loading on the 
blades and can therefore not be tolerated during com- 
pressor operation. The surge may generate enough in- 
tense vibration and noise to destroy the whole pipeline 
system including a compressor. As a result, the stable 
operation range is inevitably restricted. Therefore, the 
extension of the stable operation range and the improve- 
ment of the supercharging characteristics of a centrifugal 
compressor are required dramatically. Several investiga- 
tions [1]-[9] have been carried out to control the incep- 
tion of instability phenomena for the purpose of the ex- 
tension of stable operation range of a centrifugal com- 
pressor to the lower flow rate. However, factors leading 
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Nomenclature 

b blade height (mm) 

D diameter (mm) 

G mass flow rate (kg/s) 

Gr critical flow rate for surge inception in Injection 
Ginax maximum flow rate 

Gy critical flow rate for surge inception in Normal 
Gr flow rate in injection 

N rotational speed (r/min) 

Pa measured atmospheric pressure (Pa) 

Pw standard atmospheric pressure (Pa) 

Irsm improvement rate of surge margin (%) 


1242 


612 


Pressure Sensor 


Centrifugal Gate Valve 


Compressor 


Orifice 


Recirculation Tube 
Flow Sensor 


(a) Experimental apparatus 
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Tror improvement rate of operating range(%) 
Rar recirculation ratio (%) 

To standard temperature (K) 

Tı measured temperature (K) 

Z number of impeller blades 


Greek letters 


Ti total pressure ratio 
Subscripts 
1 impeller inlet 
2 impeller outlet 
gzz 
Injection Nozzle A D 
Y = 
Unit : mm 


(b) Double injection system 


Fig. 1 Schematic view of experimental apparatus and double injection system 


to the occurrence of surging still require clarification, and 
it is difficult to estimate quantitative prediction of surging 
by many problems, due to the extreme complexity of the 
internal flow of a centrifugal compressor. 

In this study, the compressed air at the exit of centri- 
fugal compressor was re-circulated and injected to the 
impeller inlet by using two injection nozzles in order to 
suppress the surge phenomenon. In addition, the opti- 
mum circumferential position of injection nozzle, which 
most effectively reduced the flow rate for the surge in- 
ception, was investigated for the compressor at rotational 
speed of 40,000 r/min. Moreover, the influences of the 
injection on the fluctuating property of the flow field 
before and after the surge inception were investigated by 
examining the frequency of static pressure fluctuation on 
the wall surface and visualizing the compressor wall sur- 
face by oil-film visualization technique. 


Experimental Apparatus and Method 


The experimental apparatus used in this study is 
shown in Fig. 1(a). The compressed air supplied from the 
screw compressor was used to drive the turbine impeller 
which revolved the compressor impeller through the co- 
rotating axis. In this study, in order to extend the stable 
operating range of centrifugal compressor to lower flow 


rate by the suppression of surge phenomenon, a part of 
the compressed air at the exit of the compressor scroll 
was re-circulated and injected into the impeller inlet 
through the bypass pipe by using the double injection 
nozzle system, which consists of two nozzles installed on 
the inner wall of suction pipe. Fig. 1(b) shows the cross- 
sectional view of Double injection system. The head of 
each nozzle was installed at 1 mm upstream of the im- 
peller leading edge. Then, the remaining air was dis- 
charged through the delivery duct. In the following, the 
case with the injection nozzle is named “Injection” and 
that without the injection nozzle is named “Normal”. The 
specifications and the configurations of centrifugal im- 
peller is shown in Table 1 and Fig. 2, respectively. The 
injection nozzle is movable in the circumferential direc- 
tion. The circumferential position of injection nozzles is 
indicated by IP, which has the origin at the corresponding 
position to the scroll tongue portion and takes positive 
value in the impeller rotational direction as shown in Fig. 
3. The circumferential position of the first nozzle was 
always fixed to IP(+30). On the other hand, that of 
second one was changed in the circumferential direction. 
The notation of IP(+a,+30) indicates that the circumfe- 
rential position of the first injection nozzle is at +30 de- 
gree and that of the second one at +a degree. The inner dia- 
meters of the injection nozzles used in this study are 5 mm. 
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Table 1 Specification of tested impeller 


Inlet diameter Dı 37.7 
Outlet diameter D: 52.0 
Number of blades 

, f Z 10(5+5) 
(Main + Splitter) 
Inlet blade height bı 20.0 
Outlet blade height bo 4.00 


110 > 130 140 


Ue 


F IP(-b,+3 
A 


0 


) 


Fig. 3 Definition of position of injection nozzle 


The experiments were performed to find out the opti- 
mum circumferential position of the second nozzle for 
the fixed first one, which is able to most effectively re- 
duce the flow rate of surge inception. The experiments 
were carried out for the tested impeller at the rotational 
speed of 40,000 r/min. In this study, the surge inception 
was detected by the observation of the pressure fluctua- 
tion caused by the surge, which was suddenly increased 


by gradually closing the valve by its minimum revolution. 


The corrected flow rate G and the pressure ratio z, were 
defined by the following equations: 


G=G, “a0 a. [kg/s] (1) 
a 0 
P 
ey [-] (2) 


where Go is the measured flow rate, P,o is the standard 
atmospheric pressure, P, is the measured atmospheric 
pressure, 7, is the measured temperature, To is the stan- 
dard temperature, and P, is the measured total pressure at 
compressor outlet. In order to investigate the unstable 
phenomena, the wall static pressure fluctuation was mea- 
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sured at 50 mm downstream of the compressor exit. The 
frequency characteristics of the wall static pressure fluc- 
tuation were analyzed by performing FFT. Flow sensor 
was installed at the bypass pipe to measure the flow rate 
ejected from the injection nozzle. The oil flow visualiza- 
tions were performed at the shroud and the hub side walls 
in the diffuser by using the oil mixture with titanium oxide. 


Results and Discussion 


Performance characteristics 


Fig. 4(a) shows the performance characteristics for 
Normal and Injection at rotational speeds of 40,000 r/min. 
Fig. 4(b) shows the enlarged view of performance cha- 
racteristics at the low flow rate region in Fig. 4(a), which 
focuses on the ability of Injection to remarkably reduce 
the critical flow rate for surge inception as shown later. 
The performance curves for each injection position 
showed the same tendency (Fig. 4). Although the total 
pressure ratio of Injection was decreased about 1% com- 
pared with that of Normal at the higher flow rate region, 
the critical flow rate for surge inception is reduced by 
using the nozzle injection system as clearly shown in Fig. 
4(b). Therefore, the nozzle injection system is considered 
to be able to extend the stable operating range to the 
lower flow rate region without significant decrease in the 
total pressure ratio. 


Optimal injection position 

In order to evaluate the effect of injection on the re- 
duction of critical flow rate for surge inception and on 
the increase of operating range of the compressor, the 
improvement rate of surge margin Js; and improvement 
rate of operating range Irog were defined by the follow- 
ing equations. 


baua e 100 [96] (3) 
N 
Teen = Gina FL 100 [%] (4) 
Nmax N 


where Gy and Gz mean the critical flow rate for surge 
inception, and Gung, ANd Gjng, Mean the maximum flow 
rate in Normal and Injection, respectively. Fig. 5(a) and 
Fig. 5(b) give the relationship between the injection posi- 
tion IP and the improvement rate Zpsj,and Ipor, respect- 
ively. Each radius axis represents the Zpsy and the Zor, 
respectively and a circumferential direction indicates the 
injection position. The measurements for IP(0,+30), 
IP(+30,+30) and IP(+60,+30) could not be performed 
because the holders of two injection nozzles interfered 
with each other at these region of injection positions. The 
Irsy exhibits the improvement rate of about 40% for 
every IP. In the previous study [9], however, the effects 
of IP on Jpesy were detected. The critical flow rate for 
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surge inception of Normal in this study was lower than 
that in the previous study. Therefore, the dependency of 
Irsm on IP is considered to be reduced by the decrease of 
the critical flow rate for surge inception of Normal. In 
Fig. 5(b), the Zror exhibits the improvement rate of about 
3% for every IP, but the maximum flow rate of Injection 
was slightly lower than that of Normal. These results 
suggest that the present double nozzle injection system 
extends the stable operating range of the compressor to 
the lower flow rate without significant decrease in the 
maximum flow rate as well as in the total pressure ratio. 


Frequency characteristic near surge inception 


Figure 6 shows the frequency characteristics of the 
static pressure fluctuation on the inner wall surface of the 
delivery duct at 50mm downstream of the compressor 
exit for Injection at the flow rate nearest to that of surge 


=æ- IP(+120,+30) 
IP(-150,+30) 
—© =1P(180,+30) 


—e— Normal 


0.00 0.01 0.02 


G [kg/s] 
(a) Performance characteristics 


0.03 


J. Therm. Sci., Vol.26, No.1, 2017 


inception of Normal. Figure 7 shows the frequency cha- 
racteristics of the static pressure fluctuation at the same 
location for Injection at critical flow rate for surge incep- 
tion. The peak of the spectrum of pressure fluctuation for 
Normal was observed around 38 Hz. The peaks for the IP 
of Injection are lower than that in Normal. In Fig. 7, the 
peaks at the range between IP(180,+30) to IP(-120,+30) 
are lower than those at other IP. There was no noticeable 
change in the Zesy and Igor caused by injection position 
IP, and further investigations will be required. The fea- 
tures observed in Figs. 6 and 7 are considered to be asso- 
ciated with the unstable phenomenon such as the rotating 
stall which appears generally prior to the surge inception. 
Therefore, it is considered that the Injection enhances the 
improvement rate of surge margin by suppressing the un- 
stable phenomenon appearing just before the surge in- 
ception. 


=m- IP(+120,+30) 
IP(-150,+30) 


0.000 0.002 0.004 


G [kg/s] 


(b) Performance characteristics at low flow rate 


0.006 


Fig. 4 Performance characteristics 
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(a) Improvement rate of surge margin 


IP(0,+30) 


IP(+30,+30) 


IP(+60,+30) 


IP(+180,+30) 


(b) Improvement rate of operating range 


Fig.5 Improvement rate of tested compressor 
1.0 1.0 1.0 
0.8 0.8 0.8 
‘os T os 
G06 G06 % 0.6 
o o 2 
50.4 50.4 50.4 
8 8 3 
È 0.2 È 0.2 = 0.2 
0.0 0.0 0.0 
o 20 40 60 80 10 o 20 40 +60 80 100 
Frequency[Hz] Frequency[Hz] Frequency[Hz] 
(a) Normal (b) IP(-90,+30) (c) IP(180,+30) 


Fig.6 Spectrum of pressure fluctuation at delivery duct at G= 0.0245 kg/s 
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(g) IP(-90,+30) 


(h) IP(-60,+30) 
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Fig. 7 Spectrum of pressure fluctuation at delivery duct at limiting flow rate for surge inception 
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Fig. 8 Re-circulation ratio 


Injection flow rate 


In order to evaluate the ratio of the injected mass flow 
rate Gp to that discharged from the delivery duct G, the 


re-circulation ratio Re; was defined by the following equ- 
ation. 


Ry = ££ x100 [%] (5) 


Fig.8 shows the re-circulation ratio Re; for the Injec- 
tion. The re-circulation ratio Rp; is increased by the de- 
crease of the flow rate G, and this tendency is kept at 
every injection position IP. The independency of Ra; on 
IP is considered to be one of the reasons for the fact that 
the Zs was independent on IP in the present study. The 
re-circulation ratio Rp; at the critical flow rate for the 
surge inception was larger than that in the previous in- 
vestigation [9], because of the lower critical flow rate for 
surge inception. 


Oil flow visualization 


In order to examine the effects of the injection on the 
steady flow field in the diffuser, the oil flow visualiza- 
tions were also conducted on the shroud and the hub side 
walls in the diffuser. The visualization results of the crit- 
ical flow rate for surge inception (G=0.00245 kg/s) of 
Normal are shown in Fig. 9. The results shown in Fig.10 
to Fig.18 are for the Injection at the nearest flow rate to 
the critical flow rate for surge inception of Normal. The 
streaklines toward the radial and the impeller coun- 
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ter-rotational directions are observed for Normal. This 
phenomenon indicates the appearance of the reverse flow 
over the whole shroud and hub side wall surfaces in the 
diffuser. On the other hand, the undisturbed oil painting 
region is observed for Injection in the range from IP 
(-30,+30) to IP (-90,+30), which are surrounded by the 
solid line in Fig. 10(a). The appearance of this undis- 
turbed region for Injection is considered to suggest the 
suppression of the reversed flow by the interaction with 
the injected flow. The circumferential position of the un- 
disturbed region migrated depending to injection position 
IP as shown in Fig. 10(a) to Fig. 18(a). Moreover, the 
single undisturbed region was initially located in the area 
with the shorter distance between two injection nozzles 
as shown in Fig. 10(a) and Fig. 11(a), but it was sepa- 
rated into two regions according to the departure of 


“arb 


RA 
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(a) Hub side 


(b) Shroud side 


Fig.9 Flow visualization of Normal G= 0.00245 kg/s 


(a) Hub side (b) Shroud side 


Fig. 11 Flow visualization of Injection, IP(-60,+30) G = 


0.00245 kg/s 
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second nozzle from the first one as in Fig. 12(a) and Fig. 
13(a). And then, the separated undisturbed two regions 
were combined again into single region by the approach 
of the second to the first one as shown in Fig. 14(a) to 
Fig. 18(a). However, the total areas of the undisturbed 
region were almost the same for every IP. Although the 
undisturbed region slightly appeared in the hub side for 
each Injection, the radial component of the reversed flow 
is reduced compared with that in Normal. Therefore, it is 
considered that the injection on the inner wall of the suc- 
tion pipe of the compressor would reduce the reversed 
flow region distributed on the hub side wall from the 
diffuser exit up to the impeller inlet which appeared be- 
fore the surge inception, and consequently extend the 
critical flow rate for surge inception to the lower flow 
rate region and operating range. 


(a) Hub side (b) Shroud side 


Fig. 10 Flow visualization of Injection, IP(-30,+30) G= 
0.00245 kg/s 


(a) Hub side (b) Shroud side 


Fig. 12 Flow visualization of Injection, IP(-90,+30) G= 
0.00245 kg/s 


(a) Hub side 


(b) Shroud side 


Fig. 13 Flow visualization of Injection, IP(-120,+30) G= 
0.00245 kg/s 


(a) Hub side (b) Shroud side 


Fig. 14 Flow visualization of Injection, IP(-150,+30) G= 
0.00245 kg/s 
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(a) Hub side (b) Shroud side 


Fig. 15 Flow visualization of Injection, IP(180,+30) G= 
0.00245 kg/s 


(a) Hub side 


(b) Shroud side 


Fig. 17 Flow visualization of Injection, IP(+120,+30) G= 
0.00245 kg/s 


Conclusion 


The following conclusions were obtained by the 
present study. 

(1) The present double nozzle injection system ex- 
tends the stable operating range of the compressor with- 
out significant decrease in the maximum flow rate as 
well as in the total pressure ratio. 

(2) The improvement rates of surge margin of the 
tested compressor were not influenced by the circumfe- 
rential position of the second injection nozzle because of 
the desirable low critical flow rate for the surge inception 
at the condition without the injection. 

(3) The independency of the improvement rate of 
surge margin on the circumferential position of the 
second injection nozzle would be related to the unchan- 
geable total area of the undisturbed region visualized on 
the walls in the diffuser. 
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